Characterization of exosomal cargo is of significant interest because this cargo can provide clues to exosome biogenesis, targeting, and cellular effects and may be a source of biomarkers for disease diagnosis, prognosis and response to treatment. With recent improvements in proteomics technologies, both qualitative and quantitative characterization of exosomal proteins is possible. Here we provide a brief review of exosome proteomics studies and provide detailed protocols for global qualitative, global quantitative, and targeted quantitative analysis of exosomal proteins. In addition, we provide an example application of a standard global quantitative analysis followed by validation via a targeted quantitative analysis of urine exosome samples from human patients. Advantages and limitations of each method are discussed as well as future directions for exosome proteomics analysis.
Introduction
Since the discovery of microvesicles 1 [1] and exosomes 1 [2] , interest in characterizing their cargo has been intense for several reasons including: identifying clues to their biogenesis, targeting, and cellular effects; discovering their cells of origin; and generating putative biomarkers for disease diagnosis, prognosis and response to treatment. Both protein and RNA products have been used for these purposes; however, the protein cargo and methods for its characterization is the focus of this review. Protein cargoes have been characterized from many exosome sources and their identities utilized to propose mechanisms of exosome biogenesis [3] ; identify the cells of origin in body fluid samples, for example from tumor cells [4, 5] ; and to develop diagnostic biomarker panels for human disease [6] [7] [8] [9] . The interest in exosomes in general is clearly evident in the rapidly growing literature on the topic ( Figure 1 ) and this general trend holds for exosome proteomics publications as well as exosome RNA publications. The challenge of protein identification from exosome preparations compared to RNA identification is the lack of amplification procedures for protein cargo. Therefore, analytical sensitivity is frequently tested with exosome samples unless large amounts of exosomes can be isolated (sample requirements discussed below). This issue is reflected in the overall lower number of exosome proteomics papers published compared to exosome RNA papers. However, with rapid improvements in proteomic technologies, exosomal protein characterization is not only feasible, but continuing to expand as exemplified in numerous recent reviews [4, 7, 8, [10] [11] [12] . This purpose of this review is to present key issues in exosome proteomics, provide general protocols for both comprehensive and targeted proteomics analyses of exosome samples, and to offer example data acquired with these protocols as applied to exosome samples.
General Considerations

Sample Preparation
Proper sample preparation is critically important for a successful experimental outcome of any proteomics experiment. This is especially critical when working near analytical detection limits where contaminants can obscure detection of the lowest abundance components of a sample. Sample preparation for characterization of exosomes will not be discussed in great detail since it is discussed elsewhere in this issue; however, key aspects that affect proteomics analysis are discussed here.
Key issues for mass spectrometric based proteomics analysis include the sample preparation method used and potential contaminants that the method may introduce. Specific contaminants that could "damage" experimental results include detergents, lipids, and polymeric materials often found in commercially available kits and used for precipitation of exosomes. An additional source of undesired material is sucrose or other materials used to produce the density gradient in density gradient centrifugation to prepare exosomes. When these materials are used in an exosome preparation, specific clean-up steps must be used to insure optimum analytical sensitivity. Typical clean-up procedures include protein precipitation or solid phase (C18) extraction. Standard protein precipitation methods include cold acetone, trichloroacetic acid, and methanol/chloroform precipitation methods. An alternative approach is to load solubilized exosome samples onto an SDS-PAGE gel followed by in-gel digestion/extraction [13] . An alternative version of this approach is to run "short-stack" gels, i.e. run proteins about 1cm into the gel without allowing for protein separation [14] .
An additional point of concern when beginning an exosome proteomics experiments is the source of exosomes and the endogenous components that may interfere with the analysis. For example, cell culture media often contain large amounts of albumin from serum, exosomes from blood may contain large amounts of albumin and other abundant serum proteins, and urine exosome samples often contain large amounts of Tamm-Horsfall (uromodulin) protein. Therefore, specific procedures should be included in the sample preparation protocol to reduce these endogenous non-exosomal proteins that will interfere with the analysis [15] .
Basic Proteomics Approaches
Virtually every standard proteomics approach has been employed to examine exosomal protein cargo ranging from two-dimensional gel electrophoresis to more modern quantitative LCMS/MS approaches. For the purposes of this review, several key proteomics strategies for exosomal protein characterization will be presented along with their specific advantages for this purpose. The selection of a particular proteomics approach depends on the question being asked. The comprehensive identification of exosomal protein cargo can be best accomplished with a "Global Discovery" approach using multidimensional LC-MS/MS strategies. Quantitative analysis of exosomal protein cargo can be accomplished on a global scale, i.e. all detected proteins are quantified, or on a targeted scale, i.e. only specified proteins are detected and quantified. Each of these strategies is discussed in detail below.
Global Discovery for Protein and Post-translational Modification
Identification-Comprehensive identification of exosome protein cargo is best carried out by multiple dimensions of fractionation followed by sensitive tandem mass spectrometric detection. Many different modes of protein/peptide separation have been developed, but perhaps the most commonly used strategy in current use is Multidimensional Protein Identification Technology (MudPIT) where a combination of strong cation exchange chromatography (SCX) and reverse phase (RP) chromatography is used to fractionate complex mixtures of peptides [16] . Variants of this approach include reverse phase/reverse phase separation where the first dimension is run under basic pH conditions and the second dimension is run under acidic conditions [17] , and 2) isoelectric focusing done prior to reverse phase chromatography [18] . GeLC-MS approaches utilize SDS-PAGE gel separation of intact proteins prior to digestion and reverse phase separation of extracted peptides [13, 19] . Figure 2 shows a schematic diagram of a MudPIT workflow where multiple peptide fractions are eluted from the SCX column via a series of salt pulses. Each salt eluted fraction is then separated by reverse phase chromatography and peptides analyzed by tandem mass spectrometry to generate molecular weight and sequence-specific fragmentation for each peptide in the mixture. Typically 8-11 salt steps are used to examine a complex mixture of proteins. During peptide elution from the reverse phase column, mass spectra and tandem mass spectra are acquired, typically in a data dependent fashion, i.e. the top 5, 10, or 20 ions in a mass spectrum are sequentially selected for fragmentation in the MS/MS scan. Tandem mass spectra are subsequently searched against protein sequence databases using software tools such as Sequest [20] , Mascot [21] , X!Tandem [22] , and Andromeda/MaxQuant [23] to identify the eluted peptides. Peptide sequence redundancy among identified proteins is then reduced by parsimony algorithms, such as IDPicker [24] and Scaffold (Proteome Software), resulting in a final protein list. Newer methods of data independent acquisition, such as SWATH [25] and MS E [26] , attempt to acquire MS/MS data on all ions in each mass spectrum by scanning windows of selected precursor ions and fragmenting multiple ions simultaneously. Peptide fragmentation libraries are then utilized to interpret the mixed tandem mass spectra.
The end result of such a global discovery experiment is a list of proteins identified in the sample provided. Typically for exosome samples, the number of proteins identified by LC-MS/MS varies between several hundreds to several thousands depending on the amount of starting material. Standard exosome markers are typically identified including: TSG101, annexins, CD9, CD63, CD81, as well as ESCRT proteins involved in exosome sorting and trafficking. These types of lists can be used to identify the cellular source of exosomes for example podocin, NKCC2, NCC, and AQP2, in urine exosomes corresponding to podocyte, loop of Henle, distal tubule, and collecting duct cells of the nephron, respectively. Several groups have assembled results of exosome protein characterization into databases, e.g. Exocarta [27] (http://www.exocarta.org) and urinary exosome protein database (http:// dir.nhlbi.nih.gov/papers/lkem/exosome/) containing 4563 exosome proteins and 1160 urine exosome proteins, respectively, as well as vesiclepedia (http://www.microvesicles.org) [28] containing 43,731 protein entries and EVpedia (http://evpedia.info) [10] containing 78,971 proteins from 176 proteome data sets from all extracellular vesicle types.
This type of analysis can also yield information on post-translational modifications (PTMs) present in exosomal proteins, e.g. phosphorylation, oxidation, acetylation. Post-translational modifications to exosome proteins likely play a role in their sorting and trafficking among other functions [29] . For low stoichiometry modifications, enrichment steps can be used to enrich for specific modifications, e.g. immobilized metal affinity chromatography (IMAC) or TiO 2 enrichment for phosphopeptides. Knepper's group reported phosphoproteins enriched from urine exosomes using such an approach [30] . Antibodies to phosphotyrosine [31] , acetyllysine [32] , and ubiquitin (Gly-Gly) [33] have also been to enrich for these PTMs; however, they have not been used for exosome analysis.
Quantification of Exosome Proteins-
The most useful types of proteomics information are typically derived from quantitative data on protein expression level. This type of information can inform, for example, on exosomal protein differences as diagnostic indicators/biomarkers of disease [7] . Quantitative proteomics data can be acquired on a global proteome scale, i.e. all detected proteins quantified, or in a targeted fashion, i.e. selected protein targets quantified. Furthermore, both isotope labeling methods and label free methods are available for quantitation.
Global Quantitation:
Global quantitative methods attempt to quantify all detected proteins in a sample. The simplest approach is to use label free methods where simple LC-MS/MS data are used to produce relative quantitative information. This can be done in two general ways: 1) peak area determination, and 2) spectral count measurements. Peak area measurements for each precursor ion detected can be used to quantitatively assess the peptide, and inferred protein, levels in the sample. High mass resolution measurement of peptide molecular ions is preferred to limit interferences from isobaric, co-eluting peptides. Spectral count measurements record the number of times a specific peptide is selected in a data dependent LC-MS/MS experiment and is roughly reflective of the peptide, inferred protein, level in the sample.
Isotope labeling methods require specific incorporation of stable heavy isotope labeled amino acids into peptides to be measured. This can be done in cell culture by using heavy Schey et al.
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isotope labeled amino acids in the culture media in the SILAC (stable isotope labeling of amino acids in cell culture) experiment [34] , or by post digestion chemical reaction in iTRAQ (isotope tags for relative and absolute quantitation) [35] or TMT (tandem mass tags) [36] methods. Once labeling is accomplished, different samples can be mixed and analyzed in a single analytical run thereby reducing the variability of the results. In contrast, label free methods require each sample to be run individually and typically require some normalization method to be established. iTRAQ and TMT methods can be multiplexed to allow 8-10 different samples, respectively, to be analyzed in a single experiment. Note that database searching algorithms must be able to search with specific labels included as peptide modifications.
Targeted Peptide Quantitation:
In contrast to a discovery-based, data-dependent analysis method, targeted mass spectrometry methods are used to analyze a predefined set of peptides. The most common method for targeted proteomics applications involves multiplereaction monitoring (MRM) using a triple quadrupole mass spectrometer [37] . In an MRM experiment (depicted schematically in Figure 3 ), a specific peptide precursor ion is selected in the first quadrupole (Q1) analyzer, is fragmented by CID in the second quadrupole (Q2), and the intensities of peptide specific fragment ions are specifically measured by the second quadrupole mass analyzer (Q3). Detection of precursor/fragment ion pairs (also called transitions) over time provides chromatographic peaks of these monitored transitions if the specific peptide is present. A targeted method has a lower limit of detection and greater dynamic range compared to discovery methods, and while the targeted method requires a priori selection of peptides of interest, it is the method of choice for identifying and quantifying preselected peptides in a complex mixture with high reproducibility. For selecting proteins of interest to be quantified across exosome samples, considerations may include proteins that are involved in specific cellular pathways, proteins that are predicted to be affected under a certain condition or treatment prior to exosome collection, or proteins detected as altered in abundance in global proteomics analysis. By scheduling different peptide/fragment transitions as a function of HPLC retention time, this strategy can provide highly sensitive and quantitative information on hundreds of peptides of interest in a single experiment. Moreover, stable isotope labeled standard peptides can be spiked into each sample to produce accurate absolute quantitative information. Typically, 3-6 unique fragment ions are chosen for a given peptide and at least two unique peptides per proteins are monitored. A more recent strategy is to monitor all fragment ions for selected target peptides in a parallel reaction monitoring (PRM) experiment [38] . By monitoring all fragment ions simultaneously, higher specificity and more accurate quantitation can be achieved.
Specific Exosome Proteomics Protocols
Experimental Procedures for Discovery Proteomics Analysis of Exosomes
For analysis by mass spectrometry, exosomal proteins can be separated by SDS-PAGE, ingel digested, and peptides extracted for LC-MS/MS experiments. However, a solution-phase digestion of exosome proteins often results in similar or higher yield [14] , and the procedures described here involve in-solution exosomal protein digestion and analysis.
Sample Preparation
1.
First, the protein concentration of the exosome preparation must be measured. As described in Wang et al [14] for urinary exosomes, the isolated exosomes once pelleted can be suspended in either HPLC-grade water or other buffer, e.g. 100mM Tris, that is amenable to protein digestion and lacks components that will interfere with LC-MS analysis. Any of numerous protein assays can be used, providing buffer components do not interfere with the assay. As a consideration, preparation of urinary exosomes involves use of a high concentration of DTT to help in reducing the major urinary Tamm-Horsfall protein [15] . The amount of remaining DTT in the exosomal pellet can interfere with protein assays such as the Lowry and BCA reagent methods. However, the Bradford reagent is a good choice for assaying protein from urinary exosomes, since it is compatible with reducing agents. A preferred protein yield of approximately 50μg from an exosome preparation is optimal for the multidimentsional, comprehensive mass spectrometric analysis described in the following steps.
2.
After assaying for protein content, reduce the volume of suspended exosome by speed vac concentration and resuspend the exosome proteins in a small volume (i.e. 20μL) of 50% trifluoroethanol in 100mM Tris HCl, pH 8.
3.
Reduce proteins by addition of ≤ 1μL of 0.5 M Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) and incubate for 45min at room temperature.
4.
Alkylate available cysteine residues by addition of 1.5-2μL of 1M iodoacetamide. Incubate at room temperature for 1 hour in the dark.
5.
After reduction and alkylation, dilute the exosome sample 10-fold with 100mM Tris HCl, pH 8, add sequencing-grade trypsin (Promega) at an enzyme to substrate ratio of 1:50, and digest at 37°C overnight up to 18 h.
3.1.2
Analysis by LC-coupled tandem mass spectrometry-For comprehensive characterization of digested exosome proteins we recommend using a MudPIT strategy. In addition, we promote using nanoflow separations and self-packed capillary columns, which are optimal for highly sensitive analyses of complex exosome preparations where typical yields are in the range of 50μg of protein. The experimental details below describe how to pack capillary columns needed for the described nanoLC MudPIT experiments, how to load the sample on column, and how to complete the LC-MS instrumental analysis. The following protocol involves online MudPIT separations, which we feel is optimal for analysis of the typical microgram yields from exosome preparations. However, an offline strategy where, for example, SCX fractions or basic reverse phase fractions are collected offline prior to online RP LC-MS analysis, can also be employed for analysis of complex exosome samples.
1.
First, prepare the fused silica to be used for the capillary analytical column. Cut a 25cm length of 360 × 100 μm i.d. polyimide-coated fused silica (Polymicro Technologies). Remove the polyimide approximately 3 cm from the end of the fused silica using a methanol flame (1-2 seconds) and wipe the burnt coating away with a kimwipe and methanol. Using a laser puller (model P-2000, Sutter Instrument Co), equip the end of the fused silica with a laser-pulled <3 μm orifice (emitter tip).
2.
Make a slurry (15-20mg in 500 μL) of 3 μm 300Å C18 reverse phase material (Phenomenex) in HPLC-grade methanol. Using a Helium-pressurized cell (pressure bomb) which can be purchased from New Objective, pack 20 cm of the C18 material into the 100 μm i.d. analytical column. As another option, SilicaTip Emitters (New Objective) can also be purchased either pre-packed or for self-pack applications.
3.
Cut a 15cm length of 360 × 150 μm i.d. polyimide-coated fused silica and frit the end of the capillary using a filter-end fitting (IDEX Health and Science) to be used for making a SCX/RP biphasic column.
4.
Using a Helium-pressurized cell, prepare a slurry (~5mg in 500 μL of HPLC-grade methanol) pack 6 cm of 5 μm 100Å SCX material into the fritted 150 μm i.d. capillary, followed by 4 cm of 5 μm C18 300Å reverse phase material, making a biphasic column. Also, biphasic columns are available for purchase (New Objective) in different configurations of column length and packing materials.
5.
After equilibrating the biphasic column, acidify the exosome tryptic digest by adding formic acid to a final of < 0.5% and load the digest onto the capillary column using the pressure bomb. We elect to bomb-load samples, since for the typical MudPIT analysis, the microgram amount of protein and volume of solution is too large to be loaded using a nanoLC autosampler.
6.
After sample loading, connect the biphasic capillary column onto the nanoLC instrument. This is often accomplished by using a microtee (e.g. 360μm PEEK microtee, IDEX Health and Science) to connect the output from the LC to the backend of the MudPIT column. Voltage for nanoESI can be applied by liquid junction at the microtee, where the electrical contact is completed at the T-junction using the high voltage cable from the mass spectrometer, which is connected to a gold wire and sealed using a standard PEEK fitting and ferrule. Next connect the fritted end of the biphasic column to the back end of the analytical column using an M-520 union (IDEX Health and Science).
7.
Using a nanoLC and autosampler, MudPIT analysis should be performed with a multi-step salt pulse gradient (e.g. 25 mM up to 1M ammonium acetate). For typical MudPIT experiments, we use an 11-step pulse gradient with 25, 50, 75, 100, 150, 200, 250, 500, 750, and 1M ammonium acetate salt steps. Vials of each salt concentration should be placed in the autosampler for pick-up and delivery using an automated method, and 5uL of salt solution is sufficient for each step.
8.
Following each salt pulse, peptides should be gradient-eluted from the reverse analytical column at a flow rate of 500nL/min, or lower flow rates may also be considered. For solvent A and B, use 0.1% formic acid/99.9% water and 0.1% formic acid/99.9% acetonitrile, respectively. For the first ten SCX fractions, elute the peptides using a reverse phase gradient consisting of 2-45 %B in approximately 90 min, followed by a 15 min equilibration at 2 %B prior to the next salt pulse.
Using this method, each step will take approximately 2 hours and includes autosampler delivery of the desired salt pulse, a 90-min increasing organic gradient, and column equilibration. For the last SCX-eluted peptide fraction, elute the peptides using a gradient of 2-98 %B in 100 min, followed by a 10 min equilibration at 2 %B. Upon gradient elution, peptides should be introduced via nano-electrospray into a tandem mass spectrometer such as a LTQ Velos ion trap or Velos Orbitrap instrument (Thermo Scientific), equipped with a nanospray ionization source. Using this particular MudPIT method, a single exosome sample is analyzed over a total analysis time of ~24 h/sample using a completely automated method.
9.
Operate the mass spectrometer using a data-dependent method. Full scan spectra should be acquired over m/z 350-2000 or similar m/z range. If a hybrid instrument such as a Velos Orbitrap is being used, we recommend collecting the full scan data with the high mass resolution Orbitrap as the mass analyzer. The method should include data-dependent selection and fragmentation with collision-induced dissociation (CID) of the top 10-20 most abundant ions in each MS scan and tandem mass spectra should be acquired in the LTQ ion trap. Additional parameters for the instrument method include: an isolation width of 2 m/z, activation time of 10 ms, 35% normalized collision energy for MS/MS, an MS 2 AGC target value of 1×10 4 , and enabling dynamic exclusion.
10.
Search data against an appropriate database using a database searching algorithm, such as Sequest [20] , Mascot [21] , Maxquant [23] etc. As an example, if exosome samples originated from cultured human cells, search the data against a Homo sapiens subset database downloaded from the uniprot KB protein database (www.uniprot.org). The database should include both forward and reversed protein sequences, so that the search results can be filtered to an acceptable false-discovery rate. Results can be filtered such that identified proteins have a certain number of distinct peptides, and the protein-level FDR should be low (e.g. <1-2%). Multiple programs can be used to accomplish this, including IDPicker [24] or Scaffold (Proteome Software).
11.
Statistical analyses could be performed following databases searching if, for example, multiple exosome samples, such as exosomes collected before and after a specific treatment or from normal or diseased patients, have been analyzed by MudPIT. The number of MS/MS spectra, i.e. spectral count, from each protein in a given MudPIT analysis can be used to provide a rough estimate of relative abundance of that protein across the samples. As described in Lundgren et al, a normalization procedure can be applied to these data, and comparisons can be made across different groups of samples to determine those proteins that are most changed [39] . These proteins of interest can be targeted in downstream quantitative analyses, similar to those described in the following section. In addition, gene ontology enrichment analysis or pathway analysis can be performed using such programs as WebGestalt [40] , DAVID [41] or Ingenuity Pathway Analysis (QIAGEN). [42, 43] . In the method described here, peptides from specific proteins observed in global exosome MudPIT analysis are selected as targets for quantitation, MRM experiments are developed and implemented, and finally these selected peptides, and by inference proteins, are quantified across many samples in a targeted analysis.
Experimental Procedures for Targeted Quantitative Analysis of Exosome Proteins
1.
For specific proteins of interest, select peptide targets based on their frequency of identification (i.e. highest spectral count) in the discovery-based MudPIT experiments. We find that a given peptide is more readily quantified by MRM if it is frequently identified in data-dependent analyses. For reliable quantitation, at least two peptides should be monitored for each target protein.
2.
Chemical modifications that occur during sample processing can lead to errors in quantitation; therefore avoid selection of peptides that are prone to artifactual modifications, such as peptides containing methionine residues which are prone to oxidation or peptides with N-terminal glutamine residues which will readily convert to pyro-glutamate under acidic conditions.
While peptides with missed cleavages or non-tryptic cleavages may be observed in
MudPIT analyses, these peptides should not be targeted for quantitation since these types of peptides may be generated at variable amounts in different samples.
4.
The peptides selected for quantitation should be unique to the protein of interest. Of note, it may be important to select peptides that can distinguish among different protein isoforms or variants.
5.
Once peptides are selected from the MudPIT experimental results, select the observed and/or predominant charge states of the peptide targets. To develop a sensitive MRM assay, it is important to monitor transitions that are specific for the most intense fragments observed in the tandem mass spectrum of a given peptide precursor. A single precursor-product ion transition may arise from multiple different peptide precursors; however, the probability of detecting multiple coeluting peptides with identical panels of precursor ion-fragment ion transitions is low. The co-occurrence of several specific transitions often provides high specificity in detection of a given peptide and, therefore, we recommend monitoring 4-6 transitions per peptide. When designing MRM assays, one should be aware that relative fragment ion intensities are dependent on the type of instrument used, and this aspect should be considered when ion trap-derived data are used to select transitions for a triple quadrupole MRM analysis. For example, higher m/z b ions and doubly-protonated fragment ions are often less prominent or absent in triple quadrupole-derived MS/MS spectra compared to ion trap spectra. Also note, doubly-charged precursors yield predominantly singly-charged fragments. Singly-charged y ions are often the predominant type of ion generated in the collision cells of triple quandrupole instruments.
6.
To make an MRM assay quantitative, standard peptides must be synthesized for spiking as internal standards into the exosome samples to be quantified. A standard peptide can be an unlabeled, exogenous peptide or a labeled reference peptide unrelated to the peptides being quantified, and these two options can be used for relative quantitation [44] . As another strategy, isotopically-labeled heavy peptides can be used for absolute quantitation [45] . While often utilized for these types of experiments, relative quantitation with unlabeled or labeled reference peptides can present some challenges due to variation in signal intensities across different LC-MS analyses. However, these approaches can be successful if samples are similar in background and composition [37] . For a more accurate method, labeled peptide standards identical in sequence to the endogenous peptides being quantified can be synthesized with stable heavy isotopes and, after spiking known quantities of these labeled and purified peptides into an exosome sample, quantification is based on the relative intensities of the endogenous peptide signals compared with those derived from the isotopically-labeled peptides. For quantitation of tryptic peptides from exosome samples, peptides should be synthesized using heavy Arg or Lys at their C-termini. Of note, it is recommended to use isotopes that provide a sufficiently large mass difference relative to the endogenous analyte, such as with 13 C 6 15 N 4 Arg (Δm=10 Da) and 13 C 6 , 15 N 2 Lys (Δm=8Da). In contrast, shifts in chromatographic retention occur with deuterium-labeled standards and are therefore not advised for these types of quantitative experiments. Labeled peptides can be purchased from one of several companies, and quantitative MRM experiments can be completed once peptides are received. In the protocol provided here, a stable isotope-based method is described.
7.
For targeted analyses, multiple programs such as Skyline [46] and Pinpoint (Thermo Scientific) can be used for generating MRM methods. Import protein sequences into Skyline, for example, where in silico digestion can be performed, transitions can be easily selected for both light (endogenous) and heavy-labeled peptides, and MRM transitions can be exported directly for use in instrumental methods. In order to maximize the number of monitored transitions in a single LC-MS, a scheduled MRM method can be considered. In a scheduled method, MRM transitions are performed over specific elution time windows, and using this strategy, hundreds of peptides can be quantified in a single experiment. For this type of analysis, a representative sample must first be analyzed, or "scouted", in order to determine retention times of each targeted peptide, or there are also approaches that involve retention time predictions such as that described by Escher et al [47] for use in informing scheduled MRM experiments. Using programs such as those listed above (i.e. Skyline), an automated method can be easily exported that includes all transition and retention time information.
Targeted Analysis Using Multiple-Reaction Monitoring
1.
Prepare exosome samples in a similar manner to those described in section 3.1, and spike in internal peptide standards after exosome proteins have been digested. We find that low fmol/uL concentrations of internal standards work well. Of note, more accurate quantitation is achieved when peptides standards are spiked at a concentration that is within an order magnitude relative to the corresponding analyte concentration.
2.
Next, prepare columns to be used for 1D reverse phase LC-MS. Prepare and pack a C18 analytical column as described in 3.2 steps 1-2.
3.
Prepare a fritted capillary column as described in 3.2 step 3, and pack 5cm of 5 μm 300Å C18 material into the column (C18 trap column).
4.
Using a nanoLC and autosampler, load the spiked exosome sample onto the C18 trap column, and use mobile phase solvents and a reverse phase gradient similar to that described in 3.2 step 8, i.e. 2-45% in 90 min, to resolve the peptides over the C18 analytical column.
5.
Upon gradient elution, introduce the exosome peptides via nano-electrospray into a triple quadrupole mass spectrometer. Instrument methods exported from Skyline, or a similar software, include all m/z values used for multiple-reaction monitoring. In addition, Skyline can be used to calculate and export appropriate collision energies to be used for each peptide target depending on the corresponding m/z value of the peptide and the particular instrument being used for analysis. The collision energy for each peptide can also be determined or optimized empirically by analyzing a representative exosome sample. Operate the instrument using a dwell time (i.e. 20 ms) for each transition that will allow sufficient signal to be observed. However, too few data points acquired during peptide elution will result in quantitative errors, and so the dwell time and number of monitored transitions must be appropriately adjusted depending on the chromatographic peak width of the LC-MS experiment.
6.
Finally, import MRM data into Skyline, where transition peaks are grouped by peptide precursor, and transition peak areas can be summed for light or heavy peptide precursors. Ratios for light and heavy peptides pairs can be calculated, and used to derive quantitative measurements for peptides targeted in each exosome sample. Statistical methods (e.g. t-tests or paired t-tests depending on the origin of exosome samples) can be applied to determine those proteins that are most significantly changed between individual exosome samples analyzed in replicates or between groups of exosome samples.
Example Exosome Proteomics Results
Using the experimental MudPIT protocols described above, exosomes were analyzed from human urine, and currently this published dataset represents the largest number of urinary exosomal proteins identified to date [14] . For this particular study, nine urine exosome samples were characterized and approximately 2500 proteins were identified per sample. A total of 3280 proteins were identified among all the samples, greatly expanding the known protein components of urinary exosomes. This extensive protein dataset was then examined to assess gene ontology and functionally categorize protein cargo. As a result, this study has provided a valuable resource considering biological fluids such as human urine have much potential in disease-related biomarker research.
More recently, this method was applied to a clinical study focused on the effects of aldosterone, a hormone that regulates sodium uptake in the kidney and that plays a role in hypertension. In the initial phase, a MudPIT strategy was used for characterizing exosome protein cargo from urine collected from patients that were administered either aldosterone or vehicle (control) only. The discovery proteomics analysis was conducted on exosome samples from ten patients and a spectral counting approach was employed to quantitate proteins that changed with aldosterone (aldo) treatment. Included in the altered proteins identified was Rac3 that was consistently found in all exosome samples was identified with decreased spectral counts following aldo treatment. To achieve a more quantitative analysis of patient samples collected in this clinical study, a targeted MRM assay was designed using isotopically-labeled peptide synthesized to match the sequences of targeted peptides. Target peptides and their labeled standards were analyzed on a Thermo TSQ Vantage triple quadrupole instrument. Among the peptides targeted a Rac3 peptide with sequence YLECSALTQR was quantified in urinary exosomes isolated from five patients with and without aldo treatment. Four transitions were monitored (y 4 -y 8 ) from the doubly-protonated precursor ion of Rac3 peptide (m/z 620.80) as well as the heavy isotopically-labeled ( 13 C 6 15 N 4 Arg) peptide standard (625.81), and the results of these data are shown in Figure   4 . Three replicates were performed per patient sample and endogenous peptide intensities were normalized to the labeled peptide. Although the data show patient differences in absolute Rac3 peptide levels, they are consistent among individual patients and indicate down-regulation of Rac3 in all patients after aldosterone administration compared to vehicle.
Current Trends and Future Directions
While new discoveries are being published on a daily basis, there are several exciting areas that will likely improve our ability to analyze exosomal protein cargo and thereby enhance our ability to make new discoveries. Methods for improved sensitivity are continuously being developed. New mass spectrometry instrumentation is introduced on a yearly basis while improved chromatographic methods are also introduced annually. As mentioned above, improved methods for sample preparation of exosomes will only augment the analytical efficiency.
Areas of application of exosome proteomics are likely to remain similar to the current broad questions described above; however, applications to new disease states and new molecular mechanisms will surely appear. Specific examples of potential applications of improved analytical sensitivity are the exploration of the exosome surface proteome, analysis of sorted exosome populations, and new targeted assays for biomarker detection. The exosomal surface proteome likely holds clues to mechanisms of exosome formation, secretion, targeting, protein-protein interactions, and host cell capture. By examining specific, sorted populations of exosomes, increase specificity of exosome cargo in relation to the cell of origin can be achieved. Currently, exosome samples from biofluids represent contributions form entire populations of cells. By achieving cell-specific exosome analysis, higher specificity in biomarker detection can be achieved. Lastly, new biomarkers of disease are being identified on a frequent basis. With improved analytical sensitivity, new markers will be detected and new sensitive and specific assays will be developed for early disease detection, prognosis, and effect of treatment determination. Publications in exosome research annually since 2001 retrieved from a PubMed search of the terms "exosome" (blue), "exosome + RNA" (red), and "exosome + proteomics" (green). Workflow for discovery-based protein identification by MudPIT. Proteins are prepared, digested into peptides, separated by 2D chromatography using strong cation exchange (SCX) and reverse phase (RP C18) chromatography, and peptides are analyzed by tandem mass spectrometry. As peptides are eluted, peptide ions are selected based on ion intensity in an MS spectrum, fragmented, and tandem mass spectra (MS/MS) are searched using a database search engine to generate peptide and protein identifications. Targeted analysis using multiple-reaction monitoring (MRM). MRM is most commonly performed using a triple quadrupole mass spectrometer. A peptide precursor ion of interest is selected in the first quadrupole (Q1) mass analyzer, where a specific m/z selection step filters out co-eluting ions. The selected peptide ion is then fragmented in the second, collision cell, quadrupole, and peptide-specific fragment ions are analyzed in the third quadrupole (Q3). Quantitative MRM results for Rac3 peptide YLECSALTQR in urinary exosomes. Absolute quantitation was performed using an isotopically-labeled peptide standard that elutes at the same chromatographic retention time as the endogenous peptide (A). Exosome samples from five subjects were analyzed via MRM to examine changes in Rac3 following aldosterone treatment. Three replicates were performed per sample and the summed fragment ion intensities normalized to the spiked labeled peptide shown in panel B indicate down-regulation of Rac3 in all patients after aldosterone administration compared to vehicle (B).
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